SUMMARY. Delays in initiating the cooling of freshly harvested 'Chandler' strawberries (Fragaria ×ananas-sa) were compared with prompt cooling to determine how such handling affected development of postharvest decays during subsequent storage and marketing. Strawberries at the threequarter to full red ripeness stages were harvested four times between mid-June and late July, inoculated with Botrytis cinerea or Rhizopus stolonifer and then handled to simulate prompt or delayed precooling prior to storage. This was done by incubating fruit at 35 °C (95.0 °F) and 70% to 80% relative humidity (RH) for 1 or 6 hours. The fruit were then forced-air cooled to 5 °C (41.0 °F) in 1 hour and stored for 7 days at 2 °C (35.6 °F) and 85% to 95% RH, plus displayed in a simulated market at 20 °C (68.0 °F) and 85% RH for 1 day. Decay incidence increased as the season progressed. For non-inoculated fruit, prompt cooling reduced the incidence of decay by an average of 25% and the decay severity by ~24%.
25% and the decay severity by ~24%.
With inoculated fruit, prompt cooling resulted in 15% and 29% decreases in the incidence and severity, respectively, of rhizopus rot compared to delayed cooling, and 5% and 22% decreases in the incidence and severity, respectively, of botrytis rot. Overall, the incidence of botrytis and rhizopus fruit rot averaged 60% and 85% in the prompt and delayed cooling treatments, respectively. Although prompt cooling is important for minimizing postharvest decay of strawberries, temperature management alone may not suffi ciently control postharvest decay when decay pressure is high. C areless handling practices, including mismanagement of storage temperatures, can easily damage strawberry fruit and increase their vulnerability to infection by decay pathogens. Postharvest losses can be extremely high if storage temperature is not properly managed. Strawberries are usually harvested full red, and can rapidly deteriorate if mishandled. Botrytis fruit rot or gray mold (caused by Botrytis cinerea) and rhizopus rot or leak (caused by Rhizopus stolonifer) are the most important fruit rots of strawberry (Maas, 1978 (Maas, , 1992 . Ceponis et al. (1987) observed that B. cinerea and R. stolonifer were present in ~15% and 4%, respectively, of USDA-inspected strawberry shipments to the New York market. Harvey et al. (1980) also reported that, in truck shipments of California strawberries to New York and Philadelphia, most of the decay was caused by B. cinerea. Fruit harvested late in the season can also be more prone to postharvest decay due to increased levels of fi eld infection (Barkai-Golan, 2001) .
Botrytis fruit rot is a universal problem wherever strawberries grow. The disease can develop before or after harvest. Postharvest incidences may range up to 30% to 50% of the crop (Borecka and Millikan, 1981; Dennis and Davis, 1977; Dennis and Mountford, 1975; Maas, 1978) . The minimum growth temperature for the pathogen is about -2 °C (28.4 °F) (Sommer et al., 1973) . Disease development will continue on cold-stored fruit although progress is most rapid at room temperature, especially if free moisture is present (Ryall and Pentzer, 1982; Sommer, 1992) . Infected fruit show a brown discoloration, but even when completely decayed, fruit may preserve their integrity with very little juice exudation. Afterward, the mycelium grows, changing color from white to gray as the sporulation begins (Dennis, 1983; Maas, 1992; Ryall and Pentzer, 1982) . Most fruit infection occurs in the fi eld as latent infections of the stem attachment (Powelson, 1960) , which usually remains quiescent until the fruit ripens. Additional inoculation and infection are associated with inadvertent wounds occurring during harvest.
Rhizopus rot can also occur in the fi eld, but it is considered primarily postharvest or storage decay. This pathogen is strictly wound invading since the initial infection occurs through breaks, bruises, or abrasions on the fruit surface (Maas, 1992) . Sporulation occurs only on fruit lesions. The pathogen appears unable to colonize and then sporulate on plant debris in the fi eld (Dennis, 1983; Ryall and Pentzer, 1982) . Spores form freely at favorable temperatures and readily infect injuries on other fruit. Spread of the decay also occurs by contact between decayed and sound fruit. However, infection of fruit from spores or mycelium of R. stolonifer will not occur on fruit held at ≤5 °C. Diseased fruit usually disintegrate, which releases abundant cell sap, hence the disease descriptor, leak.
Increased postharvest strawberry losses have been associated with cooling delays of as little as 1 h after harvest (Mitchell, 1992; Mitchell et al., 1996) . In fact, Kenny (1979) observed that delaying precooling from 3 to 8 h after harvest reduced strawberry storage life considerably. However, neither Mitchell et al. (1996) nor Kenny (1979) quantifi ed the decay in their studies. Some delay from harvest to cooling is unavoidable in commercial strawberry operations, as harvested fruit must be accumulated in the fi eld, fl ats palletized, trucks loaded and driven to the cooling facility, and pallets of fruit fi nally staged for precooling. Since it is well known that lowering the temperature of fruits after harvest reduces the development of decays in general, it has been recommended that strawberry fruit should be cooled to 0 to 3 °C (32.0 to 37.4 °F) as soon as possible after harvest (Mitchell et al., 1996) . However, this assumption has not previously been tested to quantify the extent of the assumed benefi t in terms of reduced decay development.
That temperature management
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alone is not suffi cient to control postharvest strawberry decay is suggested by the widespread use of modifi ed atmosphere (MA) as a supplement to refrigeration during strawberry handling. The most common commercial MA system used in the United States uses a ≥10% CO 2 -enriched atmosphere within sealed polyethylene pallet covers (Harvey et al., 1980) . The main benefi t of MA for strawberries is inhibition of decay by the elevated CO 2 (Smith, 1992; Woodward and Topping, 1972) and, to a lesser extent, the low levels of O 2 used (Borecka and Millikan, 1981; Littlefi eld et al., 1966) . The objective of this work was to evaluate the effects of a short delay to cooling with fruit harvested during warm weather (35 °C), as might be encountered in normal commercial operations, on the development of decay in 'Chandler' strawberries. Incidence and severity of decay were evaluated after storage for 7 d at 2 °C plus a simulated retail display period of 1 d at room temperature (20 °C).
Material and methods
PLANT MATERIAL. 'Chandler' strawberries were obtained from an agricultural experiment station located in the north of Portugal, at Vairão, Vila do Conde. The strawberries were grown with furrow irrigation in double rows on raised beds covered with black plastic mulch. There were no applications of fungicides or drip irrigation. A total of four harvests (experiments) were conducted during Summer 1993. Strawberries were harvested 13 and 19 June, and 7 and 27 July. Freshly harvested fruit were promptly moved from the fi eld near Vairão to the laboratory in Porto within an average of 1 h at a temperature of approximately 20 °C. Upon arrival, 80 strawberries were immediately selected for uniformity of ripeness (three-quarter to full red, but not overripe) and freedom from defects. Four replicates of fi ve fruit (usually a mixture of the two maturities) each were placed in plastic clamshells and assigned randomly to each treatment or the control in order to simulate commercial harvest and inoculated. The remaining non-inoculated fruit were used as a control.
FRUIT INOCULATION. Cultures of B. cinerea or R. stolonifer that had been isolated from diseased strawberries were grown on potato dextrose agar (PDA) for 5 d at 21 °C (69.8 °F). The surfaces of the 5-d cultures were fl ooded with sterilized tap water containing 0.1% Tween 20 and then brushed with a bent glass spreader. The resulting suspension was fi ltered through cheesecloth and then diluted to 10 5 spores/mL for either R. stolonifer or B. cinerea. Whole fruit were completely submerged in the spore suspensions or water plus surfactant alone (control) for 2 s.
COOLING DELAY, COOLING, AND STORAGE CONDITIONS. Following inoculation, the fruit were placed in a controlled temperature room at 35 °C ± 1.0 °C (±1.8 °F) and 70% to 80% RH with no airfl ow in order to raise fruit temperatures uniformly to those of fruit harvested during a warm day. Fruit samples were removed from the 35 °C-storage after 1 or 6 h and immediately transferred to a room at 2 °C ± 0.5 °C (±0.9 °F) and 85% to 95% RH for forced-air cooling in the "promptly" or "delayed" cooling treatments, respectively. Forced-air cooling was accomplished using a fan that circulated the air within the room and past the baskets of strawberries at ~2 to 3 m·s -1 with an air temperature of ~2 °C. Fruit pulp temperatures fell to 5 °C within ~1 h. The total delay from harvest until the start of cooling was thus either 2 or 7 h (1 h for transport from the fi eld, sorting and inoculation, plus 1 or 6 h delay at 35 °C). After cooling, the strawberries were then stored in the dark at 2 °C ± 0.5 °C and 90% to 95% RH for 7 d. After 2 °C storage, the fruit were moved to 20 °C ± 1.0 °C and 85% RH for 1 d to simulate a retail market display.
DECAY EVALUATION. Decay incidence or number of fruit with distinctive lesions of gray mold and/or rhizopus rot was recorded after simulated retail display. Disease severity was also recorded after the simulated retail display based on a 1 to 5 scale, where 1 = no visible changes in the tissues; 2 = slight brown discoloration of the tissues; 3 = slight to moderate mycelium growth; 4 = moderate to heavy mycelium growth; 5 = characteristic sporulation. The severity scale was converted to a percentage of full sporulation such that 1 = 0%; 2 = 25%; 3 = 50%; 4 = 75%; and 5 = 100%.
STATISTICAL ANALYSIS. The percentage of full sporulation (severity of rhizopus or botrytis fruit rot) at the surface of the fruit was transformed by the arcsin square root method using radians. The transformed variables were analyzed with the SAS computer package (SAS Institute, 1982) software by a three-way analysis of variance (ANOVA), with harvest, inoculated pathogen, and delay to cooling as factors. A Fisher's protected least signifi cant difference (LSD) (P ≤ 0.05) was applied to the transformed values.
Results and discussion
Inoculation (R. stolonifer or B. cinerea) signifi cantly increased decay incidence (P < 0.01) and severity (P < 0.001). The cooling treatment (i.e., delay) also signifi cantly affected decay incidence (P < 0.001) and severity (P < 0.001) with less decay and reduced severity occurring in the promptly cooled fruit (Figs. 1 and 2 ). The benefi ts of prompt cooling occurred after each harvest and with both pathogens. There was an average 25% less decay incidence in non-inoculated strawberries from the prompt cooling treatment than from the delayed cooling treatments after 7 d at 2 °C plus 1 d at 20 °C (Fig. 1) . For fruit that were inoculated with R. stolonifer, rhizopus rot incidence was 80% and 90% for promptly cooled fruit in the fi rst and third harvests, respectively, compared to 100% after delayed cooling (Fig.  1) . For fruit that were inoculated with B. cinerea, decay incidence increased from 90% to 95% in the second harvest and from 95% to 100% in the fourth harvest for the prompt and delayed cooling treatments, respectively (Fig.  1 ). Strawberries inoculated with R. stolonifer that were cooled promptly had lower incidence of decay than strawberries inoculated with B. cinerea and promptly cooled (Fig. 1) . In fact, prompt cooling reduced the incidence and severity of rhizopus rot in inoculated fruit by 15% and 29% for harvests 1 and 3, respectively, compared with 5% and 22% reduction in incidence and severity of gray mold in harvests 2 and 4, respectively (Figs. 1 and 2) .
Although growth of germinated rhizopus spores is inhibited at temperatures below 6 °C (42.8 °F) (Maas, 1992) , strawberries from the present study stored at 2 °C showed a relatively high incidence of rhizopus rot (Fig. 1) . Ceponis et al. (1987) reported that rhizopus rot affected 13% of the fruit in evaluated strawberry shipments on the New York market. Ferreira et al. (1996) reported no incidence of rhizopus rot in Florida-grown 'Chandler' strawber-ries stored at 7 °C (44.6 °F) for 11 d. The higher incidence and severity of rhizopus rot observed in strawberries in the present study compared to reports in the literature could have been a result of several factors. The duration of the delay to cooling and the temperature during the delay probably favored rhizopus rot development (Dennis and Cohen, 1976) . Exposure of the fruit to free water during the inoculation procedure may also have facilitated contamination of wounds and other openings on the fruit surface, leading to greater decay incidence and severity. Ferreira et al. (1996) used fruit with pulp temperature of 24 °C (75.2 °F) for their precooling experiments, while in the present study the temperature of the fruit had reached ~30 °C (86.0 °F) before cooling. Incidence and severity of rhizopus rot would also be expected to increase in the present study due to the additional day at 20 °C.
The incidences of botrytis rot observed here were also higher than those reported by other authors (Ceponis et al., 1987; Sommer et al., 1973) . For example, Sommer et al. (1973) observed a maximum of 12.9% gray mold rot in non-inoculated strawberries after a transport by truck of 90 h at 5.3 °C (41.5 °F) from Watsonville, Calif., to Atlanta, Ga. However, those strawberries were grown in commercial fi elds with fungicide applications and had been immediately forced-air cooled to 1.5 °C (34.7 °F) to 2 °C in a nearby cooling facility (compared to cooling to 5 °C starting 2 or 7 h after harvest in our work). The transportation period in Sommer et al. (1973) was also much shorter than the storage duration used here, and they did not include a simulated 24-h retail display regime. Thus, the handling procedures used here were more favorable to disease development than were those of Sommers et al. (1973) . Ceponis et al. (1987) reported that gray mold rot was the most common decay in strawberry shipments on the New York market for which USDA inspections were requested, as it occurred in 76% of the strawberry shipments evaluated and affected more than 10% of the fruit in almost half of the affected shipments. In a previous study in our laboratory in Florida, Ferreira et al. (1996) reported 43% decay incidence in 'Chandler' strawberries held for 6 h at 30 °C prior to hydrocooling and stored at 7 °C for 11 d.
Although temperatures higher than 40 °C (104.0 °F) can effectively reduce postharvest decay caused either by R. stolonifer or B. cinerea (Smith and Worthington, 1965) , temperatures between 20 and 35 °C generally promote rapid pathogen development (Sommer, 1992) . This suggests that the temperature of the strawberries during the delay to cooling in our study, during which the fruit warmed from 20 to 30 °C, was quite conducive to decay establishment and probably favored greater decay development during subsequent storage. The additional day at 20 °C used in our study, which simulated a retail display, also contributed to the increased incidence and severity of Fig. 1 . Effects of delayed cooling on the incidence of total postharvest decay of strawberries that had been dipped in a conidial suspension of Rhizopus stolonifer or Botrytis cinerea at 10 5 spores/mL or dipped in water, stored for 1 week at 2 °C and 85% to 95% relative humidity (RH), and fi nally examined after 24 h in a simulated consumer display at 20 °C and 85% RH. Delayed cooling = 6 h after inoculation; prompt cooling = 1 h after inoculation. Fig. 2 . Effects of delayed cooling on the severity of total postharvest decay of strawberries that had been dipped in a conidial suspension of Rhizopus stolonifer or Botrytis cinerea at 10 5 spores/mL or dipped in water, stored for 1 week at 2 °C and 85% to 95% relative humidity (RH), and fi nally examined after 24 h in a simulated consumer display at 20 °C and 85% RH. Delayed cooling = 6 h after inoculation; prompt cooling = 1 h after inoculation.
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decay in strawberries either from the prompt cooling or delayed cooling treatments.
Promptly cooled, non-inoculated strawberries from the third and fourth harvests showed a higher incidence of decay than those from the earlier harvests (Fig. 1) . The same effect was not observed for fruit from the delayed cooling treatment or for inoculated fruit, both of which had higher overall decay incidence than non-inoculated fruit. Increased decay incidence in later harvests could be a consequence of higher inoculum levels and latent infections in the fi eld, which generally increase as the growing season progresses (Dennis and Davis, 1977; Dennis and Mountford, 1975) . Occurrence of infection by B. cinerea and R. stolonifer has been reported to be greater on strawberry fruit harvested late in the season, and it has been suggested that late season fruit might be more susceptible to attack by these spoilage fungi (Dennis and Davis, 1977; Dennis and Mountford, 1975) . This may be a general occurrence as, for example, Lallu et al. (2000) reported that in late-harvested asparagus, the incidence of tip rot after 3 weeks storage was higher than in spears from an early harvest. In most strawberry-producing regions of the world, fi eld temperatures increase as the season progresses and, in subtropical regions (like in Florida), late season rains are also more frequent, both of which would favor increased fungal infection.
Delaying the start of cooling greatly increased the severity of decay for both inoculated and non-inoculated strawberries (Fig. 2) , indicating that growth of the pathogens during storage was more rapid in the fruit that were held at 35 °C for 6 h before cooling. For non-inoculated fruit, prompt cooling reduced the incidence of decay by an average of 25% and the decay severity by ~24%. In addition, fruit from the delayed cooling treatment senesced more rapidly than those from the prompt cooling treatment, which might have also contributed to an increased susceptibility to decay. In fact, Pritts et al. (1987) noted that susceptibility to fungal attack increased as strawberries senesced.
Conclusions
Postharvest decay of strawberries caused by B. cinerea and R. stolonifer constitutes a serious problem because fruit losses can lead to loads being rejected upon arrival at destination. In addition, a short delay before cooling caused on average an increase of 18% and 30% in the incidence and severity, respectively, of strawberry decay when compared with fruit that were cooled promptly. This study affi rms the assumption that to reduce the extent of decay problems, prompt precooling after harvest and subsequent storage at low temperature constitute important steps in order to retard development of strawberry fruit rots and to maintain acceptable fruit appearance. Our results clearly show, however, that prompt cooling and storage at 2 °C alone are not suffi cient to control strawberry postharvest decay, at least in the face of severe disease pressure, as was the case in this study.
